The recent observation in parrotfish teeth of Xray linear dichroism motivated an in-depth investigation into this spectroscopic effect in various apatite crystals, including geologic hydroxyapatite (Ca 5 (PO 4 ) 3 OH), fluorapatite (Ca 5 (PO 4 ) 3 F), and their biogenic counterparts in human bone, mouse enamel, and in parrotfish bone, dentin, and enameloid, the equivalent of dental enamel in certain fish. These data are important because they now enable visualization of the nano-to microscale structure of apatite crystals in teeth and bone. Polarization-dependent imaging contrast (PIC) maps of lamellar bone, obtained with a new method that minimizes space-charge and charging effects, show the expected rotating apatite crystal orientations. PIC maps of mouse enamel reveal a complex arrangement of hydroxyapatite crystals perpendicular to the dentin−enamel junction, with rods arranged in a decussation pattern in inner enamel and nearly parallel to one another in outer enamel. In both inner and outer enamel crystal caxes are not always aligned with the rod elongation direction.
■ INTRODUCTION
Apatites are calcium phosphate minerals forming the main component of teeth and bone and are commonly used as fertilizer in agriculture. Despite their commanding role in biophysics, understanding the mechanical properties of this type of skeletal material remains challenging, in part because it depends on the ability to detect and unravel the hierarchical assembly patterns of biomineralized apatite polycrystals and apatite−protein composites in three dimensions.
An excellent method for measuring crystallite orientations in various materials and biominerals is based on X-ray linear dichroism, 1−3 the physical effect in which the difference in absorption of X-rays at different polarization yields an orientation-dependent signal. This effect has been used extensively for calcium carbonates. 4−13 The existence and use of apatite X-ray linear dichroism todate remains almost completely unexplored. Here we show that apatite is indeed dichroic, and this observation can be used not only to detect apatite crystal orientation but also to reveal the assembled orientations of crystals at the mesoscale, that is, between 10 nm and 10 μm, which is critical because the hierarchical structures of bone and teeth remain unresolved at this scale.
At the nanoscale, transmission electron microscopy reveals that bone and dentin are made of collagen interspersed with 50 nm × 25 nm × 3 nm apatite platelets. 14, 15 Enamel contains crystals elongated along the c-axis direction, 16 ∼100 nm wide and many microns long, 17 with only sparse residual protein fragments between them. 18 At the microscale, the elongated crystals of enamel are approximately co-oriented to one another in 5-μm-wide crystal bundles termed rods or prisms, 17−19 which arrange to form an intricate interwoven structure. 20 In long bones, the nanoscale platelets are collectively oriented at the microscale with their caxes parallel (±30°) 21 to one another and to the bone long axis. At the mesoscale, the pattern of crystal orientations in teeth and bone remains poorly known, due primarily to the lack of microscopy methods sensitive to the orientation of single crystals, which can detect the relative position and orientation of many such nanocrystals in their pristine arrangement.
The mesoscale orientation of hydroxyapatite (Ca 5 (PO 4 ) 3 OH, abbreviated as HAP) nanocrystals in teeth and bone is of interest not only to fundamental chemists but to materials chemists designing new materials for bone implants and to physical chemists investigating the fundamental correlations of structure and properties in natural biomaterials. 22−27 Similarly, fluorapatite (Ca 5 (PO 4 ) 3 F, abbreviated as FAP) crystals form in humans when enamel surface is remineralized in the presence of fluoride, and the result is more resistant to acid than the original enamel. 28 FAP elongated crystals also form enameloid in some fish, including sharks and parrotfish. The latter bite corals with their teeth, which are extraordinarily stiff, hard, fracture-tough, and abrasion-resistant. 29 FAP is also used in the mantis shrimp club, which, tough and damage-tolerant, hits clams until their shells break. 30, 31 In both cases the mesoscale arrangement of FAP crystals remains poorly understood.
Here we first analyzed single crystals of geologic HAP (Snarum, Norway) and FAP (Yates Mine, Otter Lake, Quebec, Canada) by acquiring X-ray absorption near-edge structure (XANES) spectra, 32 using a photoemission electron microscope (PEEM) at the Advanced Light Source, and an elliptically polarizing undulator as the photon source. The illuminating soft-X-ray beam was linearly polarized in a variable direction over a 90°range, at the oxygen K-edge, the phosphorus L 2,3 -edge, and the calcium L 2,3 -edge and K-edge. We then analyzed important archetypal biological samples to fully characterize apatite dichroism, and its usefulness in analyzing and understanding the patterns of crystal orientations at the mesoscale in teeth and bone.
■ RESULTS AND DISCUSSION
Curiously, the P and O spectra did not show any detectable differences between polarizations parallel and perpendicular to the c-axis, whereas both the Ca L-edge and K-edge spectra did. Specifically, we observed that at the L-edge the intensities of two peaks vary and are anticorrelated as the linear polarization is rotated. This effect is known as X-ray linear dichroism, 1−3 and it is not per se surprising, as any crystal with a noncubic unit cell could in principle exhibit some dichroism. However, the magnitude of the effect, the energy positions of detectable differences, and their origins in terms of electronic structure are not easily predictable without first-principles calculations compared against direct benchmarking measurements on single crystals, as done here. This effect was previously observed in carbonate biominerals, including aragonite (CaCO 3 ) nacre 4−6 and coral skeletons, 7, 8 calcite (CaCO 3 ) sea urchin teeth 10, 11 and mollusc shell prisms, 12 and vaterite (CaCO 3 ) tunicate spicules. 13 However, to the best of our knowledge apatite dichroism has been previously observed only once in parrotfish teeth FAP and geologic FAP, 29 not in HAP, either geologic or biogenic, and has not been fully characterized spectroscopically nor understood theoretically, as done here. In HAP and FAP, dichroic peaks at the Ca L-edge were found at 352.6 and 351.6 eV, labeled as peaks 1 and 2 in Figure 1 . Interestingly and unusually, all peaks also shift by 0.1 eV with polarization, as explained by theory below.
The FAP structure contains two symmetry-inequivalent Ca sites, as shown in the structural motifs in Figure 1 , one in which two neighboring Ca atoms are at the center of irregular polyhedra that are face sharing with three common O1 atoms. In this site each Ca is surrounded by and bonded to 9 O atoms. The other site has three Ca atoms at the center of pentagonal bipyramids, which share a corner where an F atom is located. Here each Ca is bonded to 1 F and 6 O atoms and is therefore seven-coordinated. The contributions from each of these calcium sites to the Ca L 2 -edge XANES spectra were investigated theoretically using the FDMNES code, 33 which Figure 1 . Experimental Ca L-edge XANES spectra of fluorapatite (FAP), hydroxyapatite (HAP), dentin (De), bone (Bo), enamel (En), or enameloid (En), from humans (Hu) or parrotfish (Pf), and calculated spectra for FAP. The mouse and human enamel spectra are identical; thus only the Hu En spectrum is shown, for clarity. Each experimental spectrum in A and B was obtained from 100 to 200 spectra extracted from 20 to 60 nm single pixels, aligned, averaged, aligned to all other spectra, normalized, and displaced vertically for clarity. (A) Macroscopic geologic apatite single crystals were mounted with a known c-axis orientation, and the linear polarization of the X-rays was rotated to be parallel or perpendicular to the c-axis, to acquire the blue or green spectra, respectively. (B) Spectra from biogenic apatite nanocrystals extracted from pixels with at least 90% parallel or perpendicular spectral line shape. All spectra exhibit X-ray linear dichroism; that is, the intensities of peaks 1 and 2 are anticorrelated. When the linear polarization is parallel or perpendicular to the c-axis, the peaks are maximum and minimum, respectively (see vertical greenblue gradients in A and B). Calculated Ca L 2 -edge for (C) parallel and (D) perpendicular polarizations of each inequivalent Ca atom site in the FAP structure. Contributions from face-sharing and pentagonal bipyramid Ca sites are individually represented in C and D. (E) Weighted sum of calculated spectra from both sites. These same spectra are also shown in A, after shifting the energy axis (E exper = E calc + 339.9 eV) and scaling the intensity (I exper =I calc /2 + 135). Notice the excellent agreement of calculated and experimental spectral line shapes (A, peaks 1 and 2), including peak intensities, dichroism, branching ratio, and peak 2 splitting in parallel spectra (A, C, E). In addition, all peaks shift by −0.1 eV when rotating the polarization from parallel to perpendicular to the c-axis, in all experimental and calculated spectra.
includes spin−orbit coupling treatment, and the FAP structure from Hughes et al. 34 and weighted according to their 6:4 stoichiometry. This analysis indicates that for parallel polarization the intensity of peak 1 is mainly due to face-sharing Ca sites, whereas the intensity of peak 2 has an almost equivalent contribution from each of the two sites. For perpendicular polarization, face-sharing sites contribute about 3× and 2× more to the intensities of peak 1 and 2, respectively, than pentagonal bipyramid sites. Similar to experimental spectra, the calculated total spectra at parallel and perpendicular polarization show anticorrelated dichroic peaks 1 and 2 and a small energy shift of all peaks by −0.1 eV.
At parallel or perpendicular polarization the spectral contributions of the two Ca sites are anticorrelated (magenta and orange peaks in Figure 1C ,D). For face-sharing sites, the intensities of peaks 1 and 2 decrease and increase, respectively, when the polarization changes from parallel to perpendicular, whereas for pentagonal bipyramidal sites, they increase and decrease, respectively. For face-sharing Ca sites, peak 1 has contributions from all of the Ca−O bonds, whereas peak 2 has contributions mainly from the Ca−O3 bonds. The small energy shift observed can be explained by analyzing the relative energy of the orbitals probed. A detailed analysis of the electron density revealed that peak 1 has major contributions from calcium d yz and d xz orbitals, probed with both parallel and perpendicular polarizations, whereas peak 2 has contribution from either the The agreement of experimental and calculated FAP spectra in Figure 1A is remarkable, especially considering that these calculations are ab initio, without any parameters empirically adjusted to match the experiments.
The observed dichroism is strongest in calculated FAP spectra ( Figure 1A ,E), strong in the biogenic nanocrystals of dentin and bone, weaker in enamel and enameloid ( Figure 1B ), and weakest in the geologic macrocrystals ( Figure 1A ). The lower dichroism in experimental vs calculated spectra can simply be explained by greater disorder in natural samples, and thus peak broadening in the experimental spectra.
Surprisingly, the dichroism in Figure 1 is stronger in dentin and bone (whether human, mouse, or parrotfish) than in HAP. This increase may be due to two separate effects: a surface reconstruction in bone and dentin's 3 nm thick nanocrystalline platelets and/or the surface of the platelets simply truncates the crystal structure and thus increases its anisotropy. In the larger, 100 nm thick crystals of enamel or enameloid the observed extent of dichroism is comparable to that in macro-FAP, thus corroborating the size-dependent interpretation.
Carbonated HAP, termed CHAP, dahllite, or collophane, is the mineral found in human and mouse bone, dentin, and enamel and presumably in parrotfish bone and dentin. Macroscopic single crystals of CHAP are not readily available. However, since HAP and FAP spectra are nearly identical and show similar peak 1 and 2 dichroism and because apatite is an ionic crystal in which the precise atomic composition affects bonds less than atomic charge, it is reasonable to assume that CHAP would have nearly identical spectra to HAP and FAP.
In Figure 2 we present FAP experimental and simulated spectra at the Ca K-edge. At parallel polarization, Figure 2A shows that the linear combination of the spectra calculated for face-sharing sites and pentagonal bipyramid sites reproduces the overall features of the experimental Ca K-edge spectra, despite some irregularities in the relative peak intensities and the absence of the shoulder marked 6. At perpendicular polarization, every peak of the experimental spectra could be reproduced by the linear combination of the two Ca component spectra. In addition, most of the peaks at perpendicular polarization have a dominant contribution from face-sharing Ca sites, and only peak 5 shows a major contribution from pentagonal bipyramid sites.
A side-by-side comparison of the experimental and calculated dichroism at parallel and perpendicular polarizations is shown in Figure 2B . The intensity variations and energy shifts for each peak are qualitatively reproduced by the calculations. Particularly, the energy shift of the main peak at parallel and perpendicular polarizations was calculated to be −1.9 eV, which is in very good agreement with the experimental −2.0 eV value. These larger K-edge (−2.0 eV) and the smaller L-edge (−0.1 eV) angle-dependent peak shifts associated with dichroism were unexpected, but they are not unique to apatite: they have been previously seen in Ni magnetic materials, although in the Ni 2+ systems it is the magnetic structure that generates dichroism, not the crystal structure or orientation. 35, 36 Having learned from the spectra in Figure 1 the energies at which one must search for dichroism, we analyzed human bone, which is composed of nanocrystalline HAP or CHAP, 37−39 and mouse enamel, which is composed of HAP. 18 The results are presented in Figures 3 and 4 .
The existence of measurable dichroism in apatite made it possible to acquire polarization-dependent imaging contrast (PIC) maps as was previously done with calcium carbonate biominerals. 4−9 To acquire a PIC map, we take a series of images with differing linear polarization angles and solve for the crystal orientation in each 60 nm pixel, assuming a Malus-law dependence of intensity on the angle between the polarization and the c-axis. For this purpose, in Figures 3 and 4 we exploited the observation in Figure 1 that the peak positions vary by 0.1 eV and that imaging contrast in PEEM images is inverted when changing photon energy from +0.2 eV above the peak 1 position to −0.2 eV below it. Thus, at each polarization (0−90°, 5°steps) we acquired PEEM images at these two energies, 352.8 and 352.4 eV, and calculated their image ratio, which greatly maximizes the contrast between differently oriented crystals. We then stacked all 19 image ratios and solved for the crystal c-axis orientation in each of 10 6 pixels. The previous method used in parrotfish enameloid 29 exploited the observation in Figure 1 that the peak intensities at peaks 1 and 2 are anticorrelated, thus at each polarization images at 352.6 and 351.6 eV were acquired and their ratios calculated; they were then stacked, and each pixel's c-axis orientation was found as above. These two methods of obtaining a PIC map are completely equivalent and provide similar results in heavily mineralized enamel and enameloid. They are not, however, equivalent in the much less mineralized bone and dentin tissues, which exhibit strong charging effects in PEEM images; thus the images on two peaks with different intensities, as peaks 1 and 2 are, may appear with different magnifications due to charging or differently blurred due to space charge, making it impossible to calculate their ratio. The ±0.2 eV method instead, being above and below the symmetric peak 1 by identical amounts, results in identical intensities and thus no image blurring due to space charge effects 41−43 or charginginduced magnification changes, 44 as done in Figure 3 . In Figure  3 the Ca distribution map was used to filter out much noise that appeared in the PIC map and was masked out by only retaining the pixels in which the Ca concentration was greater than a threshold value as described in the Supporting Information.
Figures S1 and S2 show additional data from the same area of Figure 3 and another nearby area, respectively. Where in the bone sample these data were collected is shown in Figure S3 . Two more areas were analyzed in a second bone sample and are shown in Figures S4 and S5 , and their positions in Figure S6 . From the results of Figure 3 we conclude that the c-axes of bone platelets are oriented along the lamellar unit arc. This result was expected, as Weiner et al. already observed in 1997 that bone fibrils rotate within a lamellar unit in 30°increments and termed this the plywood structure. 21, 45 Later it became known as the Bouligand structure of lamellar bone. 46 The results of bone PIC mapping in Figure 3 are discontinuous in space, but where crystal orientations are detectable, they confirm the Bouligand structure and thus serve to validate the PIC mapping method in bone.
In Figure 4 we present the PIC map of a mouse incisor tooth. The inner enamel near the dentin enamel junction (DEJ) shows a blue layer a few micrometers thick. The blue hues of this layer indicate that c-axes of the crystals in this layer are oriented normally to the DEJ (see inset) as was previously shown. 47 The bulk of the inner enamel consists of interdigitating bundles of crystals termed rods or prisms, at different angles with respect to the DEJ and organized in alternating groups at a 60− 70°angle from each other. 48 This arrangement is termed decussation pattern, and it is magnified in an inset in Figure 4 .
In the decussation pattern blue and green crystals are oriented 60°from one another, which is approximately consistent with Cox's previous observation that rods run 70°from one another in space. 48 Importantly, however, in the inner enamel c-axes of the crystals are not aligned with the rod axes, as previously postulated. Specifically, this is evident in the green rods in the decussation pattern inset, which have elliptical cross sections, as opposed to circular, with the ellipses elongated along the direction in which the rods run. This direction is approximately −30°; thus if the assumption that crystal c-axes and rods run in the same direction were correct, the crystal orientation would be −30°, but it is not. It is in fact +30°(green). This observation is inconsistent with coalignment of c-axes and rod axes in inner enamel.
It has been the subject of a long-standing debate whether or not mouse enamel contains inter-rod crystals. The PIC map in Figure 4 shows magenta crystals between blue rods and cyan crystals between green rods, which may play a crack deflection role similar to the inter-rod in human enamel. 49 As they approach the outer enamel, the rods sharply change their directions, and they kink, to align almost parallel to the enamel surface. 50 Interestingly, many prisms that were blue before the kink become green after the kink, which is a ∼60°o rientation change, whereas their morphological directions kink by more than 90°. Surprisingly, after kinking, the yellow and orange hues expected from observing the prism elongation direction in the PIC map never appear. Thus, in outer enamel, as described above in inner enamel, crystallographic orientation does not necessarily follow the rod elongation direction.
Furthermore, it has been long assumed that the crystals in a rod are co-oriented with the rod long axis. 51, 52 In Figure 4 , Figure S3 . . PIC map of a mouse incisor midsagittal polished cross-section. Bottom to top one can see at the tooth interior the dentin (D) layer, which appears darker, as it is less mineralized, the dentin−enamel junction (DEJ) line, the inner enamel (IE) and outer enamel (OE) layers, and the biting tip at top right. Notice that both IE and OE contain bundles of nearly co-oriented crystals, termed prisms or rods, which in the IE interdigitate to form a decussation pattern (DP). The white boxes indicate the regions magnified in the correspondingly labeled insets on the right, acquired with 20 and 60 nm pixels, in DP and DEJ, respectively. Figure 5 . Charging artifacts in PEEM images, which affect PIC map quality. Panels A−D were acquired or calculated from the same region; so are E− H, from a different region of mouse enamel. (A, B) Single PEEM images acquired 0.2 eV above and below the peak 1 energy, respectively, with horizontal (0°) polarization. These images were separately leveled in Photoshop for visibility in this figure; thus brightness should not be compared here. The original images do not vary much in intensity, but they do vary in contrast, depending on crystal orientation. For example, compare the enamel rod indicated by the yellow arrow, which is brighter in A and darker in B, or the one indicated by the red arrow, which does the opposite. (C) Digital ratio of the two images in A and B. (D) PIC map calculated from 19 image ratios like one in C, repeated at each polarization from 0°to 90°, and stacked. The energies in A and B yield the best PIC map and minimize charging effects. (E, F) Single PEEM images acquired at peak 1 and peak 2 energies, respectively. Again, these were acquired with 0°polarization and were leveled separately for visibility. E and F images differ in intensity dramatically, which introduces blurring, interpreted as space-charge. The two white arrows indicate features sharp at peak 1, where the image was focused, which become blurred at peak 2. Other features in this image also blur at peak 2. (G) Digital ratio of images in E and F. Due to blurring in F, all features imperfectly correspond spatially between E and F; thus the ratio image in G is blurred and noisy. (H) PIC map calculated for this area, which is inevitably blurred and noisy. Compare the two PIC maps here (D and H) to see the difference in quality and the superiority of using peak 1 ± 0.2 eV energies for PIC mapping.
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by blue and cyan crystals; thus angle spreads as large as 60°are observed in the outer enamel. These results change significantly our understanding of the crystallographic organization of mouse enamel.
Notice in Figures 3 and 4 that many orientations (colors) are present, in beautifully intertwined crystal arrangements in bone and enamel. Subdivision into multiple structural components in a biomineral is a well-known toughening mechanism. 53 Most biominerals, however, have nearly co-oriented crystals, as in nacre tablets 6 or tunicate spicules, 13 or perfectly co-oriented crystals as in sea urchin spines. 54 In human bone and mouse enamel the complex arrangement of crystal morphologies and the multiple orientations observed here may contribute to provide these vital biominerals with their functions.
We note that enamel provides higher quality PIC maps than bone and dentin, as easily seen by a comparison of Figures 3 and  4 . This is because enamel is more heavily mineralized, polishes more homogeneously, and is less porous than bone and dentin, all of which contribute to lower charging effects in enamel. See Figure 5 for an illustration of charging artifacts in PEEM experiments, which affect PIC mapping and prevent a quantitative assessment of dichroism in different biominerals. The more mineralized and space-filling 8,55 a biomineral is, the better for PIC mapping. Even for enamel, obtaining the PIC map by exploiting the small shift that peak 1 shows with polarization dramatically improves the quality of PIC maps, as shown in Figure 5 .
■ CONCLUSIONS
We have demonstrated and exploited X-ray linear dichroism for visualizing the mesoscale structure of apatites assembled in some archetypal biomineralized structures in two dimensions, with caxis orientations in three dimensions. Comparison of measured and calculated dichroism on single crystals shows excellent correspondence. These spectra and the new approach to PIC mapping to minimize charging artifacts in human bone and mouse enamel, combined, establish the feasibility of mapping and understanding the orientations of HAP and FAP nano-and microcrystals and their structural arrangement in complex, hierarchical skeletal materials such as human bone and mouse enamel. This technique enables a host of future studies on important topics, including comparison of healthy and unhealthy bone 56 and teeth. 57 For now, it has helped reveal in exquisite detail the precise structure of mouse enamel.
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.8b05547.
Figures S1−S6, detailed methods, sample preparation, overabsorption in K-edge spectra, SEM analysis, Ca spectroscopy, PIC mapping, masking of bone PIC maps, FDMNES calculated spectra, supporting references (PDF) The region analyzed in Figure 3 and in panels A, B, D, E here is shown as a cyan square. The maps in D and E were cropped on the left to eliminate image alignment artifacts, which is why the cyan outlines in D and E include a blank region on the left. Figure S2 . Spectromicroscopy of lamellar bone with no discernible Bouligand structure. All panels are organized and obtained precisely as in Figure S2 , with the relevant region outlined in green here, and the PIC map masked with a Ca map thresholded at graylevel 190 again. Figure S5 . Lamellar bone from an osteon with the central blood vessel perpendicular to the sample surface. All panels are presented as in Figure S4 , with the magenta region in A and B magnified in C and D. The PIC map in D shows faint concentric rings surrounding the blood vessel, which are also characteristic of lamellar bone. 
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DETAILED METHODS
All L-edge data and images presented here were acquired on beamline 11.0.1.1 PEEM-3 at the ALS, the K-edge data on beamline 10.3.2 also at the ALS.
The various methods used were described throughout the text, with a few exceptions: sample preparation, overabsorption in K-edge spectra, SEM analysis, the alignment of PEEM image stacks, and masking of bone PIC maps. These are described below.
SAMPLE PREPARATION Two bone samples were prepared from the same 73-year old male human femur. Both were cortical bone, extracted from the femoral mid-diaphysis, one cut longitudinally ( Figure S3 ) and one transversally ( Figure S6 ). The two samples were first embedded in EpoFix (EMS, Hatfield, PA), polished, then re-embedded to fill surface holes by adding a drop of epoxy on the polished surface, and then re-polished to approximately the previous surface, using 300 nm and then 50 nm alumina suspensions (Buehler, Lake Bluff, IL), saturated with phosphate to prevent apatite nanocrystal dissolution.
The mouse incisor from wild type Mus musculus, was cut along the midsagittal plane, embedded, and polished as above.
After polishing, All 3 bone and mouse tooth samples were coated with 40 nm around it, and 1 nm Pt within the area of interest, as described previously 2 .
The geologic FAP (Yates Mine, Otter Lake, Quebec, Canada) sample was cut with a diamond saw and embedded with the crystallographic c-axis in plane in a known orientation. It was then polished as above, but not coated as only X-ray fluorescence experiments were done with it.
OVERABSORPTION IN K-EDGE SPECTRA Fluorescence-mode XANES spectra on concentrated materials are frequently affected by the phenomenon known as "self-absorption" (a common misnomer) or "overabsorption" 3 . In order to deal with this effect, we mounted the crystal so that the X-ray beam was normally-incident on the sample and fluorescence photons were collected at grazing exit 4 using a relatively small detector (5-mmdiameter Si drift diode). Since the X-ray polarization was horizontal on the 10.3.2 beanding-magnet beamline, mounting the crystal with the c-axis horizontal or vertical yielded data for parallel or perpendicular polarization, respectively. These are shown as black and red, respectively, in Figure 2B .
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SEM ANALYSIS SEM images of the bone sample cut along the bone long axis were acquired in backscattered mode with a Versa 3D Dual Beam microscope (FEI, Eindhoven, the Netherlands) equipped with a Concentric Backscattered detector (DBS). The microscope was operated in analytical mode at an accelerating voltage of 20 kV. The sample was coated with a thin layer of C before SEM analysis to avoid charging effects.
Ca SPECTROSCOPY For Ca movies, that is, stacks of 121 PEEM images were acquired across the Ca Ledge, between 340 eV and 360 eV, with 0.1 eV steps in the central 10 eV and 0.5 eV steps in the featureless pre-and post-edge energy regions. All images were aligned in space using the alignment tool in PeemVision 5 . Spectra were then extracted from single pixels, aligned in energy, and averaged using the GGMacros 6 .
POLARIZATION-DEPENDENT IMAGING CONTRAST (PIC) MAPPING
For PIC maps 38 images were acquired at 19 linear polarization angles, between 0° and 90° with 5° steps, and two anti-correlated energies for each polarization angle. For the bone samples the anti-correlated energies were +0.2 eV above the peak 1 position and -0.2 eV below it for bone samples (as in Figures 3, S1 , S2, S4, S5). For the enameloid samples the anti-correlated peaks were peaks 1 and 2, thus we acquired images at 352.6 eV and 351.6 eV. In both cases we did a digital ratio of the two images acquired at anti-correlated energies, using PeemVision 5 . This yielded the maximum possible dichroic imaging contrast at each polarization. A stack of 19 such image ratios was then used to produce the PIC maps using the Polarization Macro in the GG Macros 6 . As for Ca movies, for PIC maps all images were aligned in space using the alignment tool in PeemVision 5 , then digital ratios calculated, and stacks created. Figures 3, S1 , and S2, a qualitative calcium concentration map was created by dividing the average of 7 on-peak images acquired around 352.6 eV (peak 1) by the average of 9 images acquired in the pre-edge, around 345 eV.
MASKING OF BONE PIC MAPS For the areas in areas in
In Adobe Photoshop ® CC 2017, the brightest pixels corresponding to greatest Ca concentration were selected by thresholding the image and masking anything below a certain 8-bit grayscale value in black. The specific level was chosen so
